Abstract-A low-noise resistive-feedback front-end electronics assem bly has been developed for use with p-type point contact (PPC) Ge detectors in low background experiments. The front end was designed to have a low mass and potentially low radioactivity. It is fabricated on a fused silica substrate, and consists of a low-noise JFET, a feedback resistor formed from an amorphous Ge thin film, and feedback capacitor based on the stray capacitance between circuit traces. The substrate provides the appropriate thermal impedance to allow the FET to operate at the optimal temperature from self-heating when one side of the substrate is held at liquid nitrogen temperature. A noise level of 85 eV FWHM at 20 us peaking time has been observed in combination with a small PPC detector, the lIf contribution being as low as 30 eV for the front end alone. This approach of employing ultra-low-mass and low-noise front-end electronics in combination with larger-size PPC detectors can be an enabling technology towards the observation of particles and processes such as neutrino-less double-beta, coherent neutrino scattering or cold dark matter.
I. INTRODUCTION
A number of low-background experiments using HPGe detectors are being planned or constructed, including searches for neutrino-less double-beta (Ov��) decay in 76 Ge (MAJORANA) [1] , cold-dark matter search (CDMS) [2] , and coherent neutrino nuclear scattering (CNNS) [3] . Ge-based p type point-contact (PPC) detectors are well suited for such experiments since they are characterized by several properties necessary to measure the weak signals of interest (-100 e V) while minimizing the background radiation. Operating deep underground and selecting radio-pure and low-mass materials is essential to the observation of rare physical processes.
Traditional large-volume Ge detectors consist of a coaxial geometry with a capacitance on the order of tens of pF. In order to reduce the intrinsic electronic readout noise, detectors of lower capacitance are desired. Point-contact detectors consist of cylindrical high-purity Ge crystals with one contact reduced to a small point (-1 mm), thus achieving a full depletion capacitance of -1 pF and significantly reducing the equivalent noise charge. The very pronounced weighting field close to the point contact also enables excellent discrimination of single-and multi-site events. The first point-contact detector was fabricated from n-type Ge, which showed significant spectral degradation due to electron trapping [4] . P-type point contact detectors have recently been produced that exhibit excellent spectral performance because their signals arise from hole collection and therefore not sensitive to electron trapping [5] .
In order to further reduce the noise of the detector while at the same time minimizing the radioactive background, a low noise low-mass front end (LMFE) resistive-feedback electronics assembly has been developed, depicted in Figure  1 . The LMFE consists of an input JFET and feedback resistor and capacitor, which can be mounted close to the cold detector to both match the low PPC capacitance and minimize stray input capacitance. This paper describes the LMFE concept and the material selection, as well as its low energy performance in combination with several PPC detectors.
II. F ABRlCA T10N
The selection of materials for the LMFE must meet several intersecting guidelines. Their radioactive emissions must be as low as possible, which also dictates that there be very little mass and volume. Candidate materials must be vacuum compatible (i.e. low outgassing) and function predictably at or near 80 K. The materials should be available reliably and in quantity to maintain sufficient quality control, and the method of fabrication and assembly should be repeatable. The LMFE substrate is selected from radioactivity-assayed lots of DOW Coming HPFS® 7980 fused silica, an amorphous silicon dioxide material with a very low coefficient of thermal expansion (0.5 ppm/K). It has a relatively low thermal conductivity suitable for thermal control of the JFET, and has low dielectric loss for minimizing I/f noise. This material is also ideal for photolithographic processing.
Three-terminal JFETs (MX-ll or MX-l lrc) from MOXTEK [6] are obtained as bare die (0.9 x 0.9 x 0.51 mm\ epoxied and then wirebonded to Au traces on the silica substrate. The MX-l lrc was originally designed for Si(Li), Si PIN and SDD d etector rea d out, and its unique feature is an extremely low input capacitance (gate to source) of 0.7 pF. The transconductance gm is �8 mS at 170 K. A typical noise voltage of 1.6 n V /../Hz. is stated at frequencies as low as 10 kHz (also at 170 K).
The choice of JFET as front-end transistor necessitates an optimal operating temperature between 100 K and 200 K. Due to the constant flow of current through the JFET, Joule heating will naturally raise the JFET's temperature from its 80 K liquid nitrogen temperature surroundings. The degree of heating and the geometry of the substrate must be chosen carefully to achieve temperatures that optimize the JFET leakage current, transconductance and noise properties.
The silver epoxy which bonds JFET to Au trace is a Henkel Hysol® TRA-DUCT 2902 Resin, selected for its low vacuum outgassing and temperature cycling stability. Radioactive assay has shown this epoxy to have suitable radiopurity. Care must be taken during application to avoid excess noise from poor mixing or curing. The thin film feedback resistor is deposited from a high purity Ge target sputtered in an Ar/H 2 (l7.5%) atmosphere, and is chosen for its high resistivity and low 1If noise. Placement of this resistor on the thermally graded substrate is critical, because the Ge resistance varies as exp(r Il4 ). A resistance of 1-100 Gn is readily achieved (Fig. 2) with variation of dimension and/or temperature. In the current design, the amorphous Ge resistor is placed near the cold end of the board. This maintains a more stable temperature for the resistor and the lower temperature reduces its Johnson noise.
Circuit traces of Au are required for low resistance and suitable wirebonding. Aluminum is difficult to obtain with sufficient radio-purity. Since Au does not adhere well to smooth glass, a thin adhesion layer such as Cr or Ti is sputtered prior to the Au. Standard photolithographic etching techniques are employed to pattern the relatively gross features (0.25 to 1 mm). The proximity of traces is utilized to form both feedback and pulse-injection capacitors on the order of tens of fF . Table I . Preliminary radioactivity assay on LMFE components for the MAJORANA Collaboration [4] . LMFE material selection must take into account the radioactive emission from the constituent components. Because the LMFE must be situated in close proximity to the detector in order to minimize stray capacitance, the materials involved must be relatively radio-pure. Materials have been assayed by inductively coupled plasma mass spectrometry (ICP-MS) or by direct gamma counting with HPGe detectors (Table 1 ). The fused silica is reasonably low in radioactivity due to its use in the laser window industry where optical purity is paramount. The a-Ge resistor is fabricated from high-purity Ge which is shown to be radio-pure. The JFET die is outside our control, but since it was fabricated from pure silicon substrate under clean processes, its radio-purity is sufficiently good. The total predicted radioactivity is currently 715 nBq/LMFE (from Th and U) .
III. PERFORMANCE
The signals from the source, drain, and feedback of the LMFE are connected via a long parylene-coated multi conductor cable to a low noise discrete preamplifier of traditional design [7] . The LMFE is mounted in a tension-fit copper clip which holds one end of the board near LN temperature. Electrical connection to the detector is established via a 10-20 mm long copper pin (Fig. 3 ). The LMFE mounting clip then flexes to establish adequate pressure between the detector, pin, and the LMFE board. Care must be taken to adjust this tension as too little force may not produce a good electrical contact and may cause vibrations and microphonic noise, while too great a force can crack the thin silica substrate or damage the detector contact. Consideration must also be given to the varying rates of thermal contraction for various materials and assembly geometries. A stable pulser is used to inject a fixed amount of charge through the detector into the LMFE. A radiation check source is then used to relate the amount of pulser-injected charge to a known energy deposition. The baseline electronic noise (Fig.  4) is then measured on a calibrated true RMS voltmeter (Boonton 93A) as a function of shaping time. Alternately, the noise can be determined by measuring the spectral width of the pulser peak using a multichannel analyzer. The components (series, parallel, l/j) of the equivalent noise charge (ENC) curve obey linear relationships when the ENC 2 is related to the FWHM of the shaping time in a log-log plot. The ENC in electrons-rms is then related to a Ge-detector equivalent resolution by multiplying by 2.96 eV/e-and multiplying by 2.35 to obtain the FWHM resolution in eV. By fitting the individual noise components, one can attempt to isolate and mitigate the offending sources of noise. A minimum energy resolution of 224 eV is observed for the large volume LBNL PPC detector as indicated in Fig. 4 .
A smaller point contact detector fabricated at LBNL (Fig.  5 ) was mounted in a similar cryostat with a tensioned pin connecting the detector to the LMFE. The reduced point contact sizes provide a smaller capacitance «1 pF), and thus a better match to the low input capacitance of the IFET. The noise performance of this Mini-PPC detector was measured in a similar fashion (Fig. 6) . A minimum noise level of 85 eV FWHM was achieved, due in large part to the reduced detector capacitance. The minimum noise of the LMFE alone was measured at 55 eV FWHM. An 24l Am energy spectrum from this setup (Fig. 7) indicates an electronic noise of 95 eV and a resolution of 378 eV FWHM at 60 keY. This result is consistent with the e nns baseline noise measurement from Figure 6 . Channel No. 
IV. C ONCLUSION
Low noise levels made possible by low detector capacitance, low JFET capacitance and limited stray capacitances are critical for low energy or low threshold physics experiments. The requirement and availability of cooling to liquid nitrogen temperatures in germanium detector systems provides additional benefits to the performance of sensitive readout electronics. Although minimization of stray capacitance involves close proximity of the LMFE to the detector, the materials involved can be obtained from radio pure sources. Photolithography and hybrid circuit layout provide for a very low mass and low volume front end. It is expected that further optimization of this LMFE concept will make it an enabling technology for the next generation of low background physics experiments.
